We demonstrate that a photochemical reaction can create various distributions of refractive index in polymer. When the polymer containing a photochemically active material is irradiated by UV light, the photochemical reaction which breaks the -conjugated system in the material and decreases its linear polarizability can reduce refractive index of the polymer. We prepared a PMMA film added DMAPN ͑͑4-N,N-dimethylaminophenyl͒-NЈ-phenylnitrone͒ with a rate of 23 wt % by use of spin coating. Electronic structural change of DMAPN and refractive indices of the film before and after UV irradiation were evaluated by UV absorption spectra and m-line method, respectively. The UV irradiation decreased max at 380 nm in the absorption spectra, which is attributed to nitrone, and the refractive indices exponentially with irradiation time. The change of refractive indices reached 0.028. The refractive index profile upon depth of the film was investigated by measuring refractive indices of stacked DMAPN/PMMA films. When UV with a power of 10.7 mW/cm 2 irradiated upon three stacked DMAPN/PMMA films for 35 s, variation of the refractive index change showed a quadratic profile. The refractive index profile with various irradiation time can be accounted with the combination of the chemical kinetics with the steady state approximation and Lambert-Beer's law. Thus, the photochemical reaction can be used to control the refractive index distribution in polymer.
I. INTRODUCTION
Many researchers have extensively investigated the technology to fabricate graded index ͑GI͒ devices such as lens, optical fiber, and so on. Moore et al. developed camera lens system consisted on GI lenses. 1, 2 Koike et al. fabricated GIPOFs with high bandwidth by use of interfacial gel polymerization method. [3] [4] [5] Compared with inorganic material, polymeric material offers many advantages such as ease of processability and easy incorporation of functional molecular groups. Polymer has the added advantage that it is not as brittle as glass and does not break easily in bending or an impact. There are two effective methods to obtain the GI structure in polymeric materials. One is the diffusion of dopants of low molecular weight material mixed into monomer during the polymerization process. It takes a lot of time for the polymerization. The other is to stack films whose refractive indices are slightly different from each other. But stacked devices are not strictly GI structure and they are difficult to be fabricated.
We have investigated a new method to control GI by using a photochemical reaction which shortens -conjugation system in molecules and decreases their linear polarizability. The refractive index of materials depends on the linear polarizability and the number density of molecules, as indicated by Lorentz-Lorenz equation ͓Eq. ͑1͔͒.
where n,N,␣ is refractive index, the number density of molecules, and linear polarizability, respectively. The refractive index can be decreased by the photochemical reaction. The refractive index also changes with the number density of molecules. If the reaction which changes the molar volume of molecule, is utilized to control refractive indices, the density fluctuation derived from the inflation or the shrinkage of the material may cause excess dispersion. In the case of isomerization which breaks the conjugation, the linear polarizability significantly decreases, but the change in N is much less than that in the linear polarizability. Many researchers studied the change in refractive index of organic photochromic dyes, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] such as, azobenzenes, fulgides, and diarylethenes. There are some reports [15] [16] [17] [18] [19] for the appreciable changes of the refractive index in visible region during irradiation of light. Beeson et al. 15 reported that UV irradiation largely decreased refractive indices of PMMA films containing photochemically active nitrones as dopants with high transmittance. The two-dimensional patterns of refractive index fabricated by use of these photochemical reactions will be applied to memory, switching, 13, 14 and waveguide. 15 The objective of this work is to fabricate and to control the profile of refractive index in polymeric material by use of a photochemical reaction. We selected one of nitrone derivatives, and incorporated in the PMMA films as the photochemical active chromophore. 
II. EXPERIMENTS
A nitrone derivative, DMAPN ͓␣-͑4-N,Ndimethylaminophenyl͒-N-phenyl nitrone͔ was used in the experiments. The chemical structure and the photochemical reaction process are shown in Fig. 1 and Scheme I, respectively, DMAPN was synthesized in our laboratory based on earlier reports. 15 PMMA ͑Mw.ϭ15 000 Aldrich͒ for host polymer was used without further purification.
2 g of the polymer was dissolved in 5 ml of DMF ͑N,Ndimethyl formamide͒ containing 0.1-0.6 g of the nitrone derivative. Films for UV/Vis spectra and refractive index measurements were prepared by spin coating the solution on a fused silica plate ͑nϭ1.4570), and vacuum dried in 30°C for 5 d in the dark. In the case of irradiating of nitrone solution directly, the hexane was selected as the solvent instead of DMF. A 250 W super high pressure mercury lamp ͑SP3-250 USHIO͒ was used as the light source which irradiated the polymer films on the fused silica plates or the nitrone solution in a 1 cm quartz cell. The lamp was used with an interference filter ͑F10-365.04-4 CVI Laser Corp.͒ and a PTFE mask as shown in Fig. 2 . The bandwidth of the light transmitted filter was about 10 nm. The light intensity was measured by use of a power meter ͑UIT-150 USHIO͒ and detectors ͑UVD-C254, and UVD-C365 USHIO͒. The UV/Vis spectra were recorded with an UV/Vis/NIR spectrometer ͑V-570 Jasco͒.
Refractive index measurements were carried out by m-line method. 20 The measurement setup is shown in Fig. 3 . 
where n eff is the effective refractive index, n p ,n air ,and n film are the refractive indices of the prism, the air, and films, respectively, ␣ is the angle of the prism and obs is the incident angle to the prism. The relationship between the effective refractive index and the film, n film is described by the following eigenvalue equation:
where k 0 is the wave number of the incident laser beam in vacuum, m is the mode number, and n sub is the refractive index of the substrate. The n TE and n TM represent the refractive indices of the in-plane and out-of-plane orientations of the films. For TE modes, the constant of and a are 1 and 0, respectively. For TM modes, ϭ(n TE /n TM ),aϭ2. n TE ,n TM , and W were calculated by the least-squares fitting ͑LSF͒ method using Eqs. ͑2͒, ͑3a͒, and ͑3b͒ with the appropriate values for n p ,n air ,n sub , and ␣.
III. RESULTS AND DISCUSSION
A. Photochemical reaction of DMAPN/PMMA film Figure 4 shows the change in UV/Vis absorption spectra of the 23 wt % DMAPN/PMMA film during UV irradiation with the power of 30 mW/cm 2 . UV/Vis absorption spectrum of the film before UV irradiation and cutoff at 480 nm and max at 380 nm. Absorption decreased around 380 nm and increased around 275 nm with the irradiation time, exponentially. ZINDO calculation suggests that max at 380 nm be- fore the irradiation is induced by -* transition of the nitrone group and max at 275 nm after the irradiation is induced by -* transition of the dimethylaminophenylene group. These results indicate that the nitrone group in the DMAPN/PMMA film changed into oxaziridine group under UV irradiation. These spectra have an isosbestic point at about 330 nm showing that no side reaction occurred during the irradiation. Figure 5 shows the refractive indices of the DMAPN/ PMMA film containing 23 wt % DMAPN with 2 m thickness upon irradiation time. The power of incident light was about 30 mW/cm 2 . When the DMAPN/PMMA films were irradiated at 365 nm, the index change reached 0.028 within only 1 2 min. The rate of variation in refractive indices (⌬n/n 0 )of 1.8% is more than enough for GI application which requires ⌬n/n 0 to be about 1%.
B. Refractive index profile in three stacked DMAPN/ PMMA films
When UV light irradiates the polymer film containing a photochemically active chromophore, the extent of photochemical reaction strongly depends on parameters such as the wavelength, intensity, and irradiation time of incident light and temperature. If these parameters are well controlled, a desired refractive index distribution can be prepared in the polymer.
For the purpose of establishing this prediction, UV light irradiated to three stacked DMAPN/PMMA films and their refractive indices of the films were measured with m-line method. Each of the film was supported on fused-silica substrate, the UV absorption of the substrates was negligible compared with that of DMAPN. Therefore, the three DMAPN/PMMA films can be regarded as one film with the three times thickness of the film. Refractive indices of each film measured by m-line method are considered as average those of each one third thickness part in a film. Figure 6 shows that the difference of the refractive index as a function of thickness during UV irradiation. Then the incident power was 10.7 mW/cm 2 at 365 nm. The value of n in the nearest film from the light source decreased significantly, whereas the value of n in the second film decreased only slightly with irradiation. The flat profile which evolved with irradiation time and after a period of 35 s develops into a quadratic profile. The profile of the refractive index was thus controlled using the photochemical reaction.
C. Simulation of refractive index profile
In order to control the profile of the refractive index in the polymer more precisely, the profile was calculated for various reaction conditions with using chemical kinetics. A scheme of the photochemical reaction was assumed as follows ͑Scheme II͒:
where I, h, , N A , k and ͓nitrone*͔ are incident light intensity, Planck's constant, light frequency, Avogadro's constant, rate coefficient, and concentration of excited nitrone, respectively. This scheme showed that oxaziridine will be only produced by nitrone*, and that no side reaction occurs. Therefore, the sum of nitrone, nitrone*, and oxaziridine do not change while the reaction. For the purpose of deriving this complex rate equation, we assumed that the equation includes one more precondition based on the steady-state approximation of nitrone*. Lifetime of excitation state, for example, nitrone*, is short compared with that of intermediate of chemical reaction, since excitation state caused by photochemical reaction is perfectly relaxed between 10 Ϫ9 and 10 Ϫ3 s. In the case of using normal light source for photochemical reaction, the number of irradiated photon while this term is far less than that of molecule with photochemical activity. Then the number of nitrone can be regarded constant. The number of produced nitrone*, which depends on light intensity and the number of nitrone, will be also constant. The amount of the produced nitrone* equals to that of vanishing nitrone* soon, nitrone* will reach steady where ͓nitrone͔, ͓nitrone*͔, and ͓oxaziridine͔ is a concentration of nitrone, nitrone*, and oxaziridine as a function of irradiation time, respectively. Equations ͑5a͒ and ͑5b͒ give a solution of the equations.
Solution of rate equation
where C tϭ0 is a nitrone concentration before irradiation. The rate equation indicates that the concentration of nitrone decreases exponentially with irradiation time. This result was also in agreement with exponentially decreasing the absorption of DMAPN/PMMA film at 380 nm in our experiment. Here, it was examined whether Eqs. ͑5a͒ and ͑5b͒ support experimental relationship between a light intensity and the reaction rate. The hexane solution of DMAPN (3.00ϫ10 Ϫ5 mol/l ͒ was irradiated with different light intensities. The molar absorptivity of DMAPN at 380 nm was equal to 3.64ϫ10
. Figure 7 shows the absorbance at 380 nm plotted as a function of irradiation time on a semilogarithmic graph. The exponential gradient (Ϫ1/K) decreased with increasing the light intensity (I). Figure 8 shows that the parameter of reaction rate (ϪK) was proportional to the reciprocal of irradiation intensity (1/I). Therefore, it was confirmed that the photochemical reaction is satisfied the rate equation, Eq. ͑5b͒.
Finally, we have derived a variation in refractive indices ⌬n(d,t) as functions of irradiation time t, and distance from the film surface d from the rate equation. Based on the Lambert-Beer's law, the light intensity I(d,t) is determined by a distance from a film surface d, a molar absorptivity ⑀, and a molar concentration of nitrone C(d,t) . The light intensity through a distance d is expressed by I͑d,t ͒ϭI͑ 0,t ͒ const exp͓Ϫ⑀dC͑d,t ͔͒. ͑6͒
The molar concentration of nitrone in a film, C(d,t) changes with irradiation time because of the photochemical reaction. When Eq. ͑5b͒ is substituted in Eq. ͑6͒, we obtain the irradiation intensity,
͑7͒
This gives light intensity at a distance d and the irradiation time t. The concentration of nitrone at a depth d is expressed by Eq. ͑8͒. In Eq. ͑8͒, I(t)in Eq. ͑5b͒ is replaced by I(d,t) .
Conc. Distribution equation
C͑d,t ͒ϭC͑ d,0͒ const exp ͩ Ϫ t aϩb/I͑d,t ͒ ͪ ,
͑8͒
where C(d,0) const is the molar concentration of nitrone before irradiation. The combination of Eqs. ͑7͒ and ͑8͒ leads to C(d,t) at any irradiation time and depth. The refractive index of the film is proportional to the concentration of nitrone. 15 Therefore, we can obtain the equation for the change in refractive index ͓Eq. ͑9͔͒ at any irradiation time and depth when ⌬n/C(d,0) const is multiplied on both sides of Eq. ͑8͒. Figure 9 shows the refractive index profiles calculated under the experimental conditions of Fig. 6 by use of Eq. ͑9͒ and the constants a and b that obtained by the experiments of DMAPN/hexane solution. The profiles in both Figs. 6 and 9 after about 35 s of irradiation are quadratic. This result indicates that experimental profiles of refractive index can be predicted by Eq. ͑9͒. Figure 10 shows the refractive index profile of a polymer film irradiated from the two opposite surfaces at the same The refractive index distribution n(r)of interest for applications in POF and GI lenses can be conveniently expressed as
Ref. Index distribution equation
⌬n͑t,d ͒ϭ⌬n exp ͩ Ϫ t aϩb/I͑t,d ͒ ͪ .
͑9͒
where r is the radial distance from the center axis, n 0 is the refractive index at the center, a is the coefficient, and g is the index exponent. For GI optical fibers with minimum mordal dispersion, a value g in the range of 1.9-2.4 21, 22 is required. This result indicates that the refractive index profile control method investigated in this work can give an appropriate profile for GI-POF. In addition, various profiles are also obtained with changing the irradiation time. Thus, the profiles controlled by this method will apply to not only GI-POF, but also other GI applications. It is possible to fabricate the desired refractive index profile to apply to specific needs.
IV. CONCLUSIONS
In this work, a quadratic profile of the refractive index in polymer films was fabricated in three stacked DMAPN/ PMMA films after 35 s of irradiation. It took a 1 2 min to complete the photochemical reaction in 2 m DMAPN/ PMMA film at 365 nm and UV intensity of about 30 mW/cm 2 . The refractive index variation in 23 wt % DMAPN/PMMA film was 0.028 enough large to use in GI applications. These results suggest that it is possible to prepare GI structure in polymer matrix using photochemical reaction. Especially, quadratic profile in refractive index can be respected to apply to GI-POF, which is utilized as optical fiber with high-speed data transmission. Our simulation indicated that GI-POF with a diameter of 900 m could be fabricated by irradiation about 1.5 min. The equation to predict the refractive index profile is derived by the combination of the rate equation and Lambert-Beer's law. The profile calculated from this equation was in good agreement with the profile obtained experimentally. If the parameter of the equation improve based on various experimental data, this equation can predict refractive index profile, more precisely. Moreover, both experimental results and simulations also indicated that the profiles generated by photochemical reaction could have different shapes depending on the experimental condition. Therefore, this method can apply not only to GI-POF, but also other GI devices.
In our future experiments, we shall carry out experiments to demonstrate the control of refractive index profile in fibers and rods rather than films. 
